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ABSTRACT

Materials processing in space has been studied both theoretically and experimentally for over % of a
century. In the beginning, we naively spoke of “zero gravity,” elimination of convection, growth of
perfect crystals, and eventual manufacturing in space. All of these appear to have fallen by the
wayside. On the other hand, we have learned an unprecedented amount about the influences of
gravity on materials processing. We have had many surprises, and not all experimental results have
yet been satisfactorily explained. Gravity was found to influence processes that were thought to be
gravity-independent. One consequence is that materials processing on earth has often been
improved. And it is difficult to imagine how the materials-processing industries could have
flourished without the engineers and scientists who received their training by working on
rnicrogravity materials processing.
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INTRODUCTION

This review is necessarily limited in scope and depth, both because of the page limit for these
proceedings and because the amount of published literature on microgravity materials processing is
now enormous. Consequently, the topics emphasized are those of particular interest to the authors.
We apologize to those whose work or publications were not described or cited. Much information

is now available on the web [1].

The dreams of manufacturing “perfect” crystals using “zero gravity” began in the 1960°s during the
Apollo era. Talk of manufacturing other substances continued through the 1970’s and much of the
1980°s. Then reality set in, particularly with the Challenger disaster. The space environment was
not magic and the materials were not sufficiently better to warrant the costs. The value added did
not exceed the additional cost. On the other hand, an immense amount was learned about
gravitational effects on materials process, both through the results of space experiments and through
related ground-based research. In fact, many results were unanticipated and some await full
explanation. This knowledge has proven to be extremely useful in improvement and innovation of

materials processing on earth.

When the dream of manufacturing in space began in the 1960°s, a major problem in semiconductor
device manufacturing was variation in impurity doping, on both macroscopic and microscopic
scales. Semiconductor crystals were grown by Czochralski crystal pulling and by Bridgman
techniques.! In Czochralski growth, periodic variations in impurity concentration arose from the

! In Czochralski growth, a vertical crystal is slowly pulled from a melt contained in a crucible. Usually, both the crystal
and the crucible are rotated in order to produce a cylindrical crystal. In Bridgman growth, directional solidification
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rotation of the crystal while it was being pulled from the melt. The resulting bands were known as
“rotational striations,” with the distance between them equal to the amount grown in one rotation.
More closely spaced striations in both Czochralski and Bridgman-grown crystals arose from
buoyancy-driven convection. In addition to the striations, convection in the melt led to a long range
variation in impurity concentration down the length of the crystal. Bridgman growth in space
secemed to offer the perfect solution to this problem -- utilizing zero gravity to eliminate convection,
and, thereby, to give a constant impurity concentration.

Subsequently, both experimental measurements and theoretical estimates showed that the
acceleration is not zero in an orbiting spacecraft. The steady acceleration level was estimated to be
on the order of one-millionth of earth’s gravity. Thus, the term “zero gravity” died and
“microgravity” was born. The estimates of steady acceleration accounted for the separation from
the center of mass of the spacecraft, rotation of the spacecraft, and atmospheric drag.
Measurements showed considerably larger fluctuating accelerations, averaging approximately one-
thousandth of earth’s gravity. These were often termed “g jitter,” and arose from movements of the
crew, operation of equipment, spacecraft attitude adjustment, and waste dumps.

The residual acceleration in spacecraft always causes buoyancy-driven convection. Theoretical
estimates were performed that were based on a steady or varying body-force term in the Navier-
Stokes equations of motion [e.g.,2,3,4,5,6,7,8,9,10,11,12]. (This approach is really only appropriate
for steady and low-frequency accelerations applied to a single-phase fluid in a rigid container.) It
was concluded that convection should result, that the amount of convection increases with
increasing acceleration and decreasing frequency, and that it will significantly influence some
materials processing operations. The influence of flexible container walls and two-phase systems
was not considered. It was shown both theoretically and experimentally that high-frequency
vibration can cause significant “vibro convection” and can apply a force to second-phase particles

[e.g.,13,14,15,16,17].

In recent years, it has become increasingly recognized that some microgravity experiments require
reduced acceleration levels in order to be fully successful. Consequently, both passive and active
vibration-damping systems have been devised. The most extensively tested active system is the
Canadian Microgravity Isolation Mount (MIM) [18]. For example, the apparent diffusion
coefficients’ of liquids were much smaller values when measured on Mir and in the Shuttle than on
earth, with still lower values when measured in MIM with active dampening [19,20,21].  G-jitter
also affected Brownian motion of small particles, dynamics of a fluid-fluid interface, the
distribution of nuclei in a glass, directional solidification of InSb, and bubble motion [20].

Another source of convection arises from a variation in surface tension along a fluid-fluid interface,
due either to a variation in temperature or composition. The surface moves from the region with a
low surface tension to that with a high surface tension, dragging the nearby fluid with it by viscous
forces. This phenomenon has become known as “Marangoni convection.” Prior to the space
program, it had been ignored in investigations of materials processing on earth. In microgravity,
the reduced level of buoyancy-driven convection allowed Marangoni convection to become
obvious. We learned that this surface-tension-driven convection could not only be vigorous, but
could also become oscillatory and even turbulent. It also leads to the movement and coalescence of
drops and bubbles [22]. Once it became recognized, it was found to be significant in some earth-

based processes as well.

occurs within a vertical ampoule or a horizontal boat. The ampoule or boat is inside a furnace with a temperature that
varies from above the melting point at one end to below the melting point at the other end. Freezing is caused by
moving the ampoule through a fixed furnace or vice versa, or by slowly lowering the furnace temperature with both
ampoule and furnace immobile. This latter method is often called the “gradient-freeze technique.”

2 Even a small amount of convection increases mass transfer and, thereby, the apparent diffusion coefficient.
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Microgravity also greatly reduces sedimentation of second-phase particles, drops or bubbles in a
liquid. The reduced hydrostatic head makes it much easier to nucleate gas bubbles in a liquid
containing dissolved gas. Thus is it not surprising that more gas bubbles are often found in solids
produced in space.

We see that the microgravity environment proved to be much more complex that envisaged 20 to 30
years ago. We now discuss some of the materials processing operations that are influenced by this
environment. Again, we do not claim to be comprehensive.

DIRECTIONAL SOLIDIFICATION OF SEMICONDUCTORS

As mentioned earlier, the original motivation for Bridgman growth in space was to produce
semiconductor crystals with completely uniform doping. Homogeneous crystals were sometimes
produced in flight experiments, but only when the freezing rate was much greater than the
convective velocity of the nearby melt. In fact theory indicates that there is a range of operating
conditions where cross-sectional variations in composition are actually increased in microgravity.
Reduced gravity was much more successful at eliminating compositional striations than at avoiding
radial or macroscopic longitudinal variations.

Completely unexpected were results from Skylab in.1974 in which the crystal had a slightly smaller
diameter than the ampoule. Similar results were often obtained in subsequent microgravity
experiments, as reviewed in [23]. Sometimes miniature “walls of China” meandered across the
surface and connected the crystal with the ampoule. Other times the separation was wide and the
crystal surface was wavy. This phenomenon remained mysterious for 20 years until it was
explained by the Moving Meniscus Model of Detached Solidification [24,25,26,27,28]. As shown
in Figure 1, there is a gap between the crystal and the ampoule wall, while the melt is in intimate
contact with the wall. A meniscus connects the edge of the growing crystal with the ampoule wall.
A gas at pressure Pc fills the gap. This gas first dissolves in the melt at the end of the melt column
at pressure Py. Its solubility in the solid is much less than in the melt, so it is segregated out and
concentrates in the melt at the freezing interface. From there, it diffuses into the gap through the
meniscus. Detachment is favored by a high residual gas pressure Py, high solubility of the gas in
the melt, high contact angle ?, high growth angle ?, low melt-gas surface tension, and moderate
growth rate. During growth, the meniscus moves along the surface of the ampoule wall at the
freezing rate. This is the origin of the name for the model.



Ampoule _-Meniscus (for P, > Py)

Gas at P. (gap)

Figure 1. The Moving Meniscus Model of detached solidification [24-28].
The enlarged area is shown in Figure 2.

Ampoule wall

Figure 2. Enlarged meniscus area from Figure 1.

When detachment occurs during solidification, the crystallographic perfection is greatly increased.
Without the solid adhering to the ampoule wall, the stress produced by differential thermal
contraction is eliminated and dislocation generation nearly ceases. Without the growth interface
contacting the ampoule wall, grain and twin generation nearly ceases. For these reasons, attempts
are underway to produce detached solidification on earth. It has occasionally occurred
serendipitously on earth, but until the Moving Meniscus Model was not understood. The only




reported instance in which the meniscus and separated solid were observed in situ was with
ermanium in ground-based experiments performed in a mirror furnace [29]. The reason
detachment has not been seen more often is that directional solidification has been performed in
opaque furnaces at high temperature, so that it has not been possible to view the freezing material.

FLOATING ZONE MELTING

In floating zone melting, a molten zone is slowly moved through a vertical rod without a container.
This enables crystals to be grown without contamination by the container material, with outgassing
of volatile impurities, without stress due to sticking to an ampoule wall and differential thermal
expansion, and without generation of grains and twins at a container wall. If one relies on surface
tension to support the molten zone and the zone is approximately cylindrical, then the maximum
diameter before the zone falls in earth’s gravity is only a few mm. Thus it was proposed in the
early “zero gravity” days that float zoning in space could yield large, high quality crystals with
uniform doping due to the lack of convection. However, much larger crystals of silicon were
already being grown commercially on earth by use of induction heating, with an hour-glass shaped
melt that passed through a coil smaller in diameter than the crystal [30]. The electromagnetic field
provides a levitating force, so that the melt tends to fall if power is lost. This same technique is
applicable to materials that are electrically conductive and without volatile constituents. For other
materials, it is expected that larger diameters can be float zoned in space than on earth. The
suggestion that no convection would occur in the molten zone led to a theoretical investigation of
Marangoni convection [31,32,33,34]. This investigation indicated that convection in silicon could
be so vigorous that it would likely be oscillatory or even turbulent. Subsequent experimental and
theoretical treatments by many investigators confirmed these predictions.

EUTECTIC SOLIDIFICATION

Generally speaking, eutectic alloys that freeze with a lamellar structure showed negligible influence
of microgravity compared to directional solidification on earth. On the other hand, flight
experiments on eutectics that yield fibers or rods often produced unexpected results that have been
difficult to explain (reviewed in [35,36]). In some materials the fibers were closer together when
solidification took place in microgravity, while in other alloys they were farther apart. These results
were attributed to convection on earth perturbing the composition field near the freezing interface.
However, theoretical analyses predicted that buoyancy-driven convection should have negligible
influence on eutectic microstructure if the bulk composition and the average interfacial composition
are both at the eutectic. The reason is that the concentration field extends out into the melt from the
freezing interface an extremely short distance, on the order of the fiber spacing ?, so that it is
insensitive to convection. It was also predicted that reduced convection should always cause the

fibers to be closer together.

Because of the foregoing, it was suggested that buoyancy-driven convection on earth causes a
fluctuating freezing rate that makes the microstructure differ from that with a constant freezing rate
equal to the average of the fluctuating rate. This arises because the kinetics of fiber termination
differs from that for fiber branching or nucleation. Recently, experiments were completed on the
influence of electric current pulses during solidification on the microstructure of the MnBi-Bi
eutectic [37]. Current pulses cause an oscillatory freezing rate whose amplitude and frequency can
be controlled. For freezing rates over 2 cm/hr, current pulsing transformed sections of the ingot
from a quasi-regular microstructure to irregular MnBi, broken lamellae or completely void of
MnBi. The reverse was true at 1.1 cm/hr. For the quasi-regular portions, the average MnBi rod
spacing decreased almost linearly with the average current. This result contradicts the hypothesis
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that freezing rate fluctuations were responsible for the effect of convection on MnBi-Bi
microstructure.

Another possible explanation for the influence of microgravity on microstructure points out that the
average interfacial melt composition may not be at the eutectic during steady solidification [38].
Theoretical treatments also indicated that freezing rate fluctuations can alter the average interfacial
composition in the absence of convection [39,40,41]. When the average interfacial composition
deviates significantly from the eutectic, the region of concentration variation extends orders of
magnitude farther into the melt from the freezing interface, causing it to become much more
sensitive to convection.

Microgravity experiments on off-eutectic Al-Si alloy showed a finer eutectic microstructure
between the arms, especially at lower freezing rates [42]. This was attributed to *“microconvection”
occurring between the phases on earth.

DENDRITIC GROWTH

Microgravity experiments using a single succinonitrile dendrite revealed that the growth velocity
and tip radius are influenced by buoyancy-driven convection, especially when the supercooling is
low [43,44]. These experiments were used to obtain data at low freezing rates in order to compare
with theoretical predictions.

Solidification with a dendritic front and mushy zone has also been studied. The growth front of
ammonium chloride dendrites growing from an aqueous solution advanced at about twice the rate in
microgravity as on earth [45,46]. The mushy zone was more transparent in microgravity.

SOLIDIFICATION WITH IMMISCIBLE PHASES

In the early “zero gravity” days, it was suggested that it should be possible to easily solidify
materials containing uniform dispersions of second-phase gas bubbles, liquid drops, or solid
particles, because of the absence of sedimentation. Included were monotectic and peritectic
systems where the second phase tends to separate by sedimentation on earth. Although
microgravity sometimes yielded improvements in such dispersions [47,48,49], this was usually not
true. Sometimes greater phase separation occurred in microgravity than on earth. Failure to obtain
uniform dispersions was attributed to sedimentation due to the residual accelerations, surface-
tension driven “Marangoni” motion of the drops or bubbles, lack of wetting of particles by the melt,
and pushing of the second phase by the freezing interface [50,51,52,53,54,55,56,57]. For example,
moving gas bubbles were thought to have perturbed the distribution of solid particles [58].

The presence of FeAls particles assisted in producing a uniform dispersion of In droplets in the Al-
In system both on earth and in microgravity, although the amount required was less in microgravity

[59]).

OTHER MATERIALS PROCESSING OPERATIONS

Time and space limitations prevent us from covering other materials processing operations. Suffice
it to say that experiments have shown that microgravity influences polymerization, physical and

chemical vapor transport, electrodeposition, coagulation (agglomeration) of large colloidal
particles, Ostwald ripening, and self-assembly of nano-systems.

6



ACKNOWLEDGEMENT

We are grateful to NASA for steady financial support, which currently includes grants NAG8-1266,
NAGS8-1482, and NAGS8-1703.



REFERENCES

1) Microgravity web pages: http://www.esrin.esa.it/htdocs/mgdb/mgdbhome.html
http://mgravity.itsc.uah.edu/microgravity/idea/idea.stm
http://mgravity.itsc.uah.edu/microgravity/micrex/micrex.stm
http://spacelink.nasa.gov/Instructional. Materials/NASA Educational. Products/Microgravity/
http://microgravity.nasa.gov/da.html
http://www.ncmr.org/education/k12/classroom.html
http://www.nationalacademies.org/ssb/heds2menu.htm

2) J1D. ALEXANDER and F. ROSENBERGER, in: Low-Gravity Fluid Dynamics and Transport
Phenomena, eds., ].H. Koster and R.L. Sani, Progress in Astronautics and Aeronautics, AIAA, 130, 87-
117 (1990).

3) W.A. ARNOLD, D.A. JACQMIN, R.L. GAUG, and A. CHAIT, J. Spacecraft & Rockets 28, 238-243
(1991).

4) V.1. POLEZHAEYV and M.K. ERMAKOV, Microgravity Sci. Technol. 4, 101(1991).

5) V. USPENSKII and J.J. FAVIER, Int. J. Heat Mass Transfer 37, 691-698 (1994).

6) P.A. KONDOS and S. SUBRAMANIAN, Microgravity Sci. Technol. 9, 143-151 (1996).

7) JP. GARANDET, S. CORRE, S. GAVOILLE, J.J. FAVIER and J1D. ALEXANDER, J. Crystal
Growth 165, 471-481(1996).

8) J. SUN, F.M. CARLSON, L. REGEL and W.R. WILCOX, Microgravity Quarterly 2, 159-168 (1992).

9) J.ID. ALEXANDER, S. AMIROUDINE, J. OUAZZANI and F. ROSENBERGER, J. Crystal Growth
113, 21-38 (1991).

10) J.J. FAVIER, J. Crystal Growth 99, 18-29 (1990).

11) F. ROSENBERGER, J.I.D. ALEXANDER, A. NADARAJAH and J. OUAZZANI, Microgravity Sci.
Technol. 111, 162-164 (1990).

12) J.1.D. ALEXANDER, J.P. GARANDET, J.J. FAVIER and A. LIZEE, J. Crystal Growth 178, 657-661
(1997).

13) R.V. BIRIKH, in: Hydromechanics and Heat/Mass Transfer in Microgravity, V.S. Avduyevsky et al.,
eds., Gordon and Breach Science Publishers (1991).

14) D.V. LYUBIMOV, A.A. CHEREPANOV and T.P. LYUBIMOVA, in: Hydromechanics and Heat/Mass
Transfer in Microgravity, V.S. Avduyevsky et al., eds., Gordon and Breach Science Publishers (1991).

15) J. ELLISON, G. AHMADI, L. REGEL and W. WILCOX, Microgravity Science and Technology 8, 140-
146 (1995).

16) J.R. THOMSON and J. VINALS, AIA4 J. 34, 975-981 (1996).

17) V.G. Kozlov, Europhysics Letters 36, 651-656 (1996).

18) MIM. http://www.space.gc.ca/csa_sectors/space_science/microgravity_sci/mim-1.asp

19) S. MATSUMOTO and S. YODA, J. Jpn. Soc. Microgravity Appl. 14, 90-93 (1997).

20) R.A. HERRING and B. TRYGGVASON, Controlled Accelerations - Effects on Material Processing,
IAA-98-IAA.12.1.02, 49th International Astronautical Congress, Sept. 28 - Oct. 2, Melbourne, Australia
(1998).

21) B.V. TRYGGVASON, R F. REDDEN, R.A. HERRING, W.M.B. DUVAL, R.W. SMITH, K.S.
REZKALLAH and S. VARMA, Acta Astronautica 48, 59-70 (2001).

22) R.S. SUBRAMANIAN and R. BALASUBRAMANIAM, The Motion of Bubbles and Drops in Reduced

_ Gravity. Cambridge University Press, Cambridge (2001).

23) L.L. REGEL and W.R. WILCOX, Microgravity Sci. Technol. 14, 152-166 (1999); see also
http://www.clarkson.edu/~regel/detrev.pdf.

Z24) W.R. WILCOX and L.L. REGEL, Microgravity Sci. Technol. 8, 56-61(1995).

25) D.1. POPOV, L.L. REGEL and W.R. WILCOX, J. Mat. Synth. & Proc. 5, 283-297 (1997).

26) D.I. POPOV, L.L. REGEL and W.R. WILCOX, J. Mat. Synth. & Proc. 5, 299-311 (1997).

27) D.1. POPOV, L.L. REGEL and W.R. WILCOX, J. Mat. Synth. & Proc. 5, 313-336 (1997).

28) Y. WANG, L.L. REGEL and W.R. WILCOX, J. Crystal Growth 209, 175-180 (2000); see also
http://www.clarkson.edu/~regel/insb.pdf.

29) F.R. SZOFRAN, K.W. BENZ, A. CROLL, P. DOLD, S.D. COBB, S.L. LEHOCZKY, M.P. VOLZ,
D.A. WATRING and S. MOTAKEEF, in: NASA Microgravity Materials Science Conference, S. Szofran,



D. McCauley and C. Walker, compilers, NASA Conference Publication 3342, Marshall Space Flight
Center (1996).

30) W. KELLER and A. MUHLBAUER, Floating-Zone Silicon. Volume 5 of Preparation and Properties of
Solid State Materials. W R. Wilcox, ed., Marcel Dekker, New York (1981).

31) C.E. CHANG and W.R. WILCOX, J. Crystal Growth 28, 8-12 (1975).

32) C.E. CHANG and W.R. WILCOX, Int. J. Heat Mass Transfer 19, 355-366 (1976); 20, 891 (1977).

33) C.EE. CHANG, W.R. WILCOX and R.A. LEFEVER, Mat. Res. Bull. 14, 527-536 (1979).

34) P.A. CLARK and W.R. WILCOX, J. Crystal Growth 50, 461-469 (1980).

35) W.R. WILCOX and L.L. REGEL, Microgravity Quarterly 4, 147-156 (1994).

35) W.R. WILCOX and L.L. REGEL, Acta Astronaut. 38, 511-516 (1996); see also
http://www.clarkson.edu/~regel/eutrev.pdf.

37) F. LI, L.L. REGEL and W.R. WILCOX, J. Crystal Growth 223, 251-264 (2001) ; see also
http://www.clarkson.eduw/~regel/mnbi.pdf.

33) B. DREVET, D. CAMEL and J.J. FAVIER, in: Proceedings of the 7" European Symposium on
Materials and Fluid Sciences in Microgravity, ESA SP-295 (1990) pp 101-108.

39) Dmitri Popov, Modeling of Detached Solidification and Unsteady Eutectic Solidification, PhD Thesis,
Clarkson University (1999). See also http://www.clarkson.edu/projects/eutectic/eutphfld.zip (unzip and
view with Windows Media Player or equivalent).

40) D.I. POPOV, L.L. REGEL and W.R. WILCOX, J. Crystal Growth 209, 181-197 (2000).

41) L.L. REGEL, W.R. WILCOX, D. POPOV and F. LI, Acta Astronautica 48, 101-108 (2001).

42) HM. TENSI, J.J. SCHMIDT and C. MACKRODT, Mat. Sci. Forum 50, 45-64 (1989).

43) M.E. GLICKSMAN, M.B. KOSS and E.A. WINSA, Phys. Rev. Lettr. 73, 573-610 (1994).

44) M.E. GLICKSMAN, M.B. KOSS, L.T. BUSHNELL, J.C. LACOMBE and E.A. WINSA, ISIJ
International 35, 604-610 (1995).

45) M.H. McCAY and T.D. McCAY, J. Crystal Growth 135, 594-600 (1994).

46) M.H. McCAY, J.A. HOPKINS and T.D. McCAY, J. Crystal Growth 144, 346-352 (1994).

47) L. FROGEN and A. DERUYTTERE, Naturwiss. 73, 384-386 (1986).

48) A. KNEISSL and H. FISCHMEISTER, in: 5" European Symposium on Materials Sciences under
Mzcrogravzty Results of Spacelab-1, European Space Agency SP-222, Paris (1984) pp 63-68.

49) P. PANT, in: Proceedings of the 6" European Symposium on Materzal Sciences under microgravity
Conditions, ESA SP-256 (1987) pp 335-338.

50) S.H. GELLES and A.J. MARKWORTH, 4/44 Journal 16, 431-438 (1978).

51) S.H. GELLES and A.J. MARKWORTH, in: Proceedings of the 5" European Symposium on Material
Sciences under Microgravity, ESA SP-222 (1984) pp 417-422.

52) D. LANGBEIN and W. HEIDE, Z. Flugwiss. Weltraumforsch. 8, 192-199 (1984).

53) H. KLEIN, R. NAHLE and K. WANDERS, Z. Flugwiss. Weitraumforsch.9, 14-20 (1985).

54) D. LANGBEIN and W. HEIDE, Adv. Space Res. 6, 5-17 (1986).

55) J. POTSCHKE and V. ROGGE, in: Proceedings of the Norderney Symposium on Scientific Results of
the German Spacelab Mission D1, edited by P.R. Sahm, R. Jansen and M.H. Keller, German Ministry of
Research and Technology (1986) pp 304-308.

56) H.V. WALTER, in: Materials Science in Space. A Contribution to the Scientific Basis of Space
Processing, edited by B. Feuerbacher, H. Hamacher and R.J. Naumann, Springer-Verlag, Berlin (1985)
pp 343-378.

57) LH. ZHU, X.M. ZHANG, Y.X. ZHUANG, X.X. ZHANG, H.C. YANG and Y.Y. LL, J. Jpn. Soc.
Microgravity Appl. 15, 536-538 (1998).

58) D. LANGBEIN and U. ROTH, in: Proceedings of the 6" European Symposium on Materials Sciences
under Microgravity Conditions, ESA SP-256 (1987) and Proceedings of the Norderney Symposium on
Scientific Results of the German Spacelab Mission D1, edited by P.R. Sahm, R. Jansen and M. H. Keller,
German Ministry of Research and Technology (1986) pp 309-3135.

59) H.R. CHAHANI and R.W. SMITH, Appl. Microgravity Tech. 1, 170-174 (1988).



